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RESULTS
F. monophora selectively represses IL-12p35 production in human DCs. Stimulation of primary human DCs with heat-killed conidia from chromoblastomycosis isolate F. monophora induced expression of maturation markers CD80, CD86, CD83 and MHC class II DR (HLA-DR) ( Figure S1 ). Furthermore, F. monophora induced expression of IL-6, IL-1β, IL-23 and IL-12p40, but not IL-12p70 by DCs ( Figure 1a ). Next, we examined the lack of IL-12p70 expression. Whereas TLR4 triggering by lipopolysaccharide (LPS) induced strong IL-12p70 secretion, simultaneous stimulation with F. monophora severely suppressed LPS-mediated IL-12p70 release (Figure 1b ). IL-12p70 is a heterodimeric cytokine, comprising of IL-12p35
and IL-12p40 subunits 25 . F. monophora-stimulated DCs produced IL-12p40 as well as bioactive IL-23, which consists of IL-12p40 and IL-23p19 subunits (Figure 1a ), indicating that IL-12p70 expression is restricted at the level of IL-12p35 mRNA. F. monophora alone failed to trigger IL-12p35 expression, while LPS-induced IL-12p35 mRNA levels were significantly blocked after coexposure to F. monophora (Figure 1c ). The F. monophora-mediated suppression of LPS-induced IL-12p35 mRNA expression was even more evident when live fungi were used (Figure 1c ). In contrast, Candida albicans strongly induced IL-12p35 responses, and enhanced LPS-induced IL-12p35 mRNA expression ( Figure 1d ). These data strongly three.
suggest that F. monophora actively suppresses IL-12p35 production.
F. monophora targets mincle to inhibit IL-12p35 expression. We next set out to identify the innate receptor(s) involved in F. monophora responses and IL-12p35 suppression. Dectin-1
is an important receptor for fungi such as C. albicans and recombinant human dectin-1 interacted with F. monophora to a comparable level as C. albicans (Figure 1e ). We next investigated whether dectin-1 is involved in cytokine responses to F. monophora. Blocking antibodies against dectin-1 abrogated F. monophora-induced IL-6, IL-1β, IL-23p19, and IL-12p40 mRNA expression, as were the responses induced by dectin-1 agonist curdlan ( Figure 1f ).
Moreover, DCs derived from a donor carrying a homozygous Y238X dectin-1 mutation, hence lacking functional dectin-1 expression 26 ( Figure S2 ), did not produce IL-6, IL-1β, IL-23
and IL-12p70 after stimulation with F. monophora (Figure 1g and S2). In contrast, both LPS and C. albicans (strain CBS2712, which is not strictly dependent on dectin-1 for triggering cytokine responses 27 ) induced cytokines in the absence of functional dectin-1 ( Figure 1g ).
Furthermore, blocking dectin-1 signaling did not interfere with F. monophora-mediated suppression of LPS-induced IL-12p35 mRNA expression ( Figure 1h ). These data strongly suggest that dectin-1 recognition of F. monophora is crucial for induction of cytokine gene transcription, whereas another innate receptor is responsible for the suppression of IL-12p35.
We found that F. monophora, in contrast to C. albicans, interacted with recombinant human mincle ( Figure 1e ). As mincle is constitutively expressed on human immature DCs ( Figure S2 ), we investigated whether mincle is involved in IL-12p35 suppression by F. monophora, by silencing mincle expression in DCs by RNA interference ( Figure S3 ). Strikingly, mincle silencing restored IL-12p35 mRNA and IL-12p70 protein expression in response to F. monophora, without affecting curdlan-induced IL-12p35 synthesis (Figure 1i and S4).
Furthermore, mincle silencing restored LPS-induced IL-12p35 mRNA and IL-12p70 protein expression in the presence of F. monophora (Figure 1i and S4). We determined next whether the suppressive effect of mincle on IL-12p35 expression required the presence of MCL, as mincle can heterodimerize with MCL to form functional complexes with FcRγ 23 . Silencing of MCL did not interfere with mincle surface expression, while, vice versa, mincle silencing only slightly affected cell surface expression of MCL ( Figure S3 ). Importantly, silencing of MCL did not interfere with IL-12p35 suppression by F. monophora (Figure 1i ), indicating that the suppression is independent of MCL.
To further examine the involvement of mincle in IL-12p35 suppression, we used trehalose-6,6-dibehenate (TDB), a known mincle and MCL agonist 20,28 . Similar to F. monophora stimulation, triggering of DCs by TDB alone failed to induce IL-12p35 mRNA, but suppressed LPS-induced IL-12p35 mRNA expression ( Figure 1j ). Mincle silencing effectively prevented repression of LPS-induced IL-12p35 mRNA expression by TDB, whereas MCL silencing did not interfere with the suppressive effect of TDB ( Figure 1j ). Taken together, these data demonstrate that dectin-1 induces cytokines in response to F. monophora, whereas mincle 
@
Mincle signaling suppresses IL-12p35 expression via PKB activation. We set out to elucidate the mechanism behind mincle-mediated IL-12p35 suppression. As both dectin-1 and mincle signal via 22 , we combined TLR4 triggering with selective mincle stimulation by TDB to distinguish between dectin-1-and mincle-mediated effects. Silencing of Syk, CARD9, Bcl-10 or MALT1 abrogated the suppressive effects of TDB on LPS-induced IL-12p35 expression (Figure 2a ), demonstrating that mincle suppresses IL-12p35 via Syk-CARD9-Bcl-10-MALT1-mediated signaling. To further identify mincle-specific downstream targets, we utilized a panel of small molecule inhibitors. We noted in particular that pretreatment of DCs with wortmannin, an irreversible inhibitor of PI3K, abrogated IL-12p35 suppression by TDB and restored expression to LPS-induced levels (Figure 2b) . Similarly, inhibition of PKB (or Akt), a well-established effector of PI3K, by small molecule inhibitor triciribine ( Figure   2b ) or PKB silencing (Figure 2c ), blocked TDB-mediated suppression of IL-12p35. Thus, the PI3K-PKB cascade plays a primary role in mincle-mediated IL-12p35 suppression. Indeed, TDB, in contrast to curdlan or LPS, strongly induced PKB kinase activity ( Figure 2d ). PKB activation requires phosphorylation at Thr308 and Ser473, which is controlled by PI3K via kinases PDK1 and mTORC2, respectively 29 . Mincle stimulation led to PKB phosphorylation at both Thr308 and Ser473 (Figure 2e ), while LPS and curdlan had no effect ( Figure S5 ), correlating with PKB activity (Figure 2d ). PKB phosphorylation after TDB stimulation was dependent on PI3K activity (Figure 2e ) as well as mincle and mincle-mediated signaling via the Syk-CARD9-Bcl-10-MALT1 module as silencing of these proteins inhibited TDB-induced PKB phosphorylation ( Figure 2f ). Furthermore, we found that F. monophora induced PI3Kdependent PKB phosphorylation via mincle (Figure 2e and 2f), which relied on Syk and the CARD9-Bcl-10-MALT1 scaffold (Figure 2f ). These results indicate that mincle suppresses dectin-1-induced IL-12p35 expression in response to F. monophora by activation of PI3K-PKB signaling, through a Syk-CARD9-Bcl-10-MALT1-dependent pathway.
Mincle signaling impairs nucleosome remodeling at the IL12A promoter. IL12A transcription is rigidly controlled; in resting cells, the IL12A promoter is assembled into stable nucleosomes, whereas upon stimulation, repositioning of nucleosome 2 (nuc-2) allows binding of, among others, transcription factor NF-kB and subsequent transcriptional initiation by RNA polymerase II (RNAPII) 30 . We observed that, although F. monophora interfered with recruitment of NF-kB p65 to the IL12A promoter ( Figure 3a ), fungal stimulation did not abrogate nuclear translocation and DNA binding of p65 ( Figure 3b ). Indeed, F. monophora alone induced nuclear translocation of p65, c-Rel and RelB (Figure 3b ), which are a hallmark of dectin-1 signaling 17 . RNAPII recruitment to the IL12A promoter was almost completely abolished as determined by chromatin immunoprecipitation (ChIP) assays ( Figure 3a ).
Since these data suggest that mincle signaling interferes with IL12A transcription prior to RNAPII and NF-kB binding, we next examined whether F. monophora interferes with IL12A nucleosome remodeling, using a chromatin accessibility real-time PCR (ChART) assay specific for nuc-2 repositioning 31 . F. monophora did not induce IL12A nucleosome remodeling, whereas curdlan and LPS evoked complete remodeling ( Figure 3c ). Notably, LPS-induced IL12A nucleosome remodeling was severely diminished when DCs were costimulated with F. monophora (Figure 3c ), while silencing of mincle restored LPS-induced IL12A nucleosome remodeling ( Figure 3d ). These results strongly suggest that F. monophora-induced mincle signaling inhibits IL-12p35 expression by interfering with nucleosome remodeling events indispensable for transcriptional activation at the IL12A promoter.
Mincle-induced PKB signaling blocks nuclear IRF1 activity. IRF1 is thought to be involved in transcriptional regulation of IL-12p35 expression; the nuc-2 promoter region of IL12A contains a centrally positioned IFN-stimulated response element (ISRE) that can be bound by IRF1 32 . IRF1 silencing abrogated IL-12p35 expression in response to curdlan or LPS stimulation ( Figure 4a ). In accordance, both dectin-1 and TLR4 triggering induced IRF1 recruitment to the ISRE site within the proximal IL12A promoter ( Figure 4b ). Strikingly, IRF1 silencing completely abrogated IL12A nucleosome remodeling induced by dectin-1 and TLR4 signaling (Figure 4c ), which coincided with impaired recruitment of RNAPII and p65 to the IL12A promoter ( Figure 4d ). These data show that IRF1 plays an essential role in IL12A transcription in response to both dectin-1 and TLR4 via nucleosome remodeling.
We next investigated whether mincle triggering affects IL12A nucleosome remodeling by interfering with IRF1 activation. We found that both curdlan and LPS induced nuclear nuclear IRF1 accumulation or cytoplasmic IRF1 expression ( Figure 4i ). These data show that PKB-mediated mincle signaling restricts nuclear accumulation of IRF1, suggesting that this mechanism underlies the block in IL12A nucleosomal remodeling and subsequent transcription in response to F. monophora.
Mincle directs proteasomal degradation of nuclear IRF1 via Mdm2. Since IRF1 steady-state levels are tightly controlled by a balance between synthesis and ubiquitin-mediated proteolysis 33,34 , we investigated whether mincle interferes with IRF1 by inducing its degradation. Figure 5b ). To regulate IRF1, Mdm2 must gain nuclear entry, a process which requires phosphorylation of Mdm2 at Ser166 by PKB 35, 36 . We found that mincle triggering by both TDB and F. monophora, but not TLR4 triggering, induced nuclear translocation of Mdm2 (Figure 5c ). Only Mdm2 present within the nucleus was phosphorylated at key residue Ser166 (Figure 5c ). Mdm2 Ser166 phosphorylation following TDB and F. monophora stimulation was abrogated by silencing of mincle, Syk, CARD9, Bcl-10 and MALT1, or chemical inhibition of PI3K or PKB (Figure 5d and S5). Similarly, mincle and PKB silencing blocked Mdm2 nuclear translocation ( Figure   5c ). TDB-induced Mdm2 phosphorylation and nuclear translocation was not affected by LPS stimulation (Figure 5c and S5). Since the E3 ubiquitin ligase activity of Mdm2 relies on association with its substrates 37,38 , we prepared nuclear extracts in the presence of MG-132 to block degradation, allowing us to determine whether Mdm2 interacts with IRF1 within the nucleus. We found that nuclear IRF1 immunoprecipitated together with Mdm2 in both TDB-and F. monophora-, but not LPS-stimulated DCs (Figure 5e ). The importance of Various other fungi, highly related to F. monophora, are also causative agents of chromoblastomycosis in humans 10 . We next investigated whether these fungi also target mincle to suppress antifungal immune responses. All tested strains were recognized by recombinant mincle protein (Figure 7a ). Strikingly, the pathogenic strains, i.e. F. pedrosoi, F. compacta
and Cladophialophora carrionii, strongly suppressed LPS-induced Th1 differentiation and skewed Th polarization towards a Th2 response ( Figure 7b ). We also observed that the virulent strains repressed IL-12p35 responses similar to F. monophora (Figure 7c) with FcRγ in rat primary cells 23 , we found that the presence of MCL was neither required for mincle expression, surface localization nor mincle-mediated signaling induced by either F. monophora or TDB to suppress IL12A transcription. These studies suggest that mincle has evolved different functions in defense against fungi and further studies are required to understand the differences between its functions in mice and humans.
Mincle has previously been identified as a positive regulator of Th17 immunity with its role in the therapeutic Th17 adjuvancy of mycobacterial glycolipid TDM and its synthetic derivate TDB 24 . In these murine models, in addition to Th17 immunity, mincle-mediated adjuvancy translates into robust Th1 responses 24, 41 Even though a TDB-containing M.
tuberculosis subunit vaccine 42 entered clinical trial, the immune stimulatory actions of TDB and TDM have never been tested extensively in the human setting 43 . Our finding that mincle suppresses human Th1 immunity implies that utilizing mincle agonists as vaccine adjuvants should be considered with caution.
Another important finding of our study is the crucial and nonredundant role of IRF1 in IL12A nucleosome remodeling and regulation of IL-12p35 synthesis by different PRRs. We Chapter three chromoblastomycosis to restrict generation of protective Th1 immunity. In fact, the CD4 + T cell effector response induced by these virulent fungi was dominated by Th2 cells. Th2biased immunity causes severe suppression of phagocytic effector cell function, and hence has adverse effects on fungal infections 4, 47 . Therefore, Th2 predomination and impaired Th1 responses might represent a central immunological 'defect' in chromoblastomycosis that contributes to the establishment of chronic subcutaneous infections.
Chapter three
Overall, our study has identified an essential role for mincle in shaping overall adaptive immunity to virulent fungi associated with chromoblastomycosis. Therapeutic targeting of mincle may therefore prove beneficial not only in treatment of chromoblastomycosis, but also diseases marked by uncontrolled IL-12-driven inflammation.
EXPERIMENTAL PROCEDURES
Cells, stimuli, RNA interference and maturation. 
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Quantitative real-time PCR. mRNA isolation from DCs stimulated for 6 h, cDNA synthesis and PCR amplification with the SYBR Green method in an ABI 7500 Fast PCR detection system (Applied Biosystems) were performed as described 17 .
Specific primers were designed with Primer Express 2.0 (Applied Biosystems; Table S1 ).
The Chromatin immunoprecipitation (ChIP) assay.
ChIP assays were performed using the ChIP-IT Immunol. 1, 199-205 (2000) .
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